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Abstract. Spatially varying grating structures formed at the subwavelength scale behave as a layer with an artificial effective refractive index
that is dependent on the local fill fraction. We describe a novel technique
to pattern gratings with a spatially varying fill fraction using a simple
two-step exposure process. The first exposure forms a partial latent image of a grating in the photoresist. The resist is then saturated by overlaying an exposure with an analog spatially varying intensity, generated
by using a phase-only masking technique. The cumulative exposure
dose from the two steps was designed so that the point of minimum
intensity will still develop the photoresist through, in all the spaces in the
grating. By varying the exposure window around the saturation dose, the
fill fraction of the patterned gratings was modulated; thus, the size of the
space cleared at any location in the grating is a scalable function of the
local cumulative dose delivered. Constant feature height is achieved
across the patterned area by keeping the second exposure dose below
the resist threshold exposure value. The exposure process was modeled
numerically to predict the relationship between the local dose and patterned fill fraction. This technique enables rapid, low-cost fabrication of
apodized grating structures for applications in diffractive optics
technology. © 2009 Society of Photo-Optical Instrumentation Engineers.
关DOI: 10.1117/1.3066798兴

Subject terms: diffractive optics; diffractive optical elements; apodization; space
varying structures; micro-optics; lithography; gratings; optical fabrications.
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This paper is a revision of a paper presented at the SPIE Conference on Advanced Fabrication Technologies for Micro/Nano Optics and Photonics, January
2008, San Jose, California. The paper presented there appears 共unrefereed兲 in
SPIE Proceedings Vol. 6883.

1

Introduction

Space-variant periodic structures have been widely used in
optical devices. They provide novel optical functionalities
and improved performance. In the case of grating structures
formed at the subwavelength scale, the effective refractive
index of a grating layer is a function of the grating periodto-wavelength ratio and the fill fraction.
The effective refractive index dependence on the duty
cycle of a periodic structure has been exploited in spatially
varying elements to realize broadband response in diffractive optical devices, such as blazed grating structures.1,2
The phase retardation of a blazed grating is achieved by
varying the effective refractive index across the element
instead of modulating the thickness of the structure. By
varying the fill fraction in a regime that provides the same
differential phase retardation across the element, for a certain desired range of wavelengths, the blazed grating can be
optimized to perform with very high efficiency over a
broader wavelength band in comparison to classical
echelette gratings. By locally controlling the retardation experienced by the orthogonal polarization states at various
points in the incident beam, polarization converting elements have also been realized.3–5 Apodization or spatial
1932-5150/2009/$25.00 © 2009 SPIE
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variation of the filling fraction of subwavelength gratingbased filters, such as distributed Bragg reflectors has been
shown to improve the optical response by improving the
side-lobe suppression ratio.6,7 Subwavelength structures
with spatially varying duty cycles have also been employed
for encoding phase functions in holograms for encryption
applications.8
Grating structures can be fabricated using a variety of
techniques, including electron beam lithography, ultraviolet
contact and projection lithography, and holographic techniques, depending on the desired grating specifications.
Spatially variable duty cycle gratings have been formed
mainly using electron beam lithography1,2 although e-beam
lithography can achieve complex patterns, it is an inherently serial fabrication process.9 Hence, the patterning time
is directly proportional to the desired fidelity of the structures and the total size of the device area. Uniform dutycycle variation is hard to implement by use of proximityeffect methods, such as e-beam lithography, to vary the
grating feature widths.10 This makes practical implementation of optical elements of this type prohibitively expensive.
2 Our Approach
In this paper, we describe a novel method to fabricate
space-variant grating structures using a simple two-step
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Fig. 1 The response curve for a 1.0-m thick Shipley1813 photoresist coating is shown. The grating was exposed 共tgrating兲 by delivering less than 90% of the saturation dose 共tclear兲. The analog intensity function was then overlaid with an exposure dose 共tov兲 value
less than the estimated threshold dose 共tth兲 such that it will not further expose the resist line areas.

standard photolithographic exposure process. Shipley
S1813 photoresist was spin-coated on silicon substrates.
Figure 1 shows the measured exposure response curve of
the resist. A GCA g-line 共436-nm兲 stepper was used to expose the wafers. The latent image of the grating was formed
in the photoresist by initially delivering an exposure dose
共tgrating兲 that is less than the dose-to-clear value 共tclear兲, for
the coating at hand, using a conventional chrome-clear amplitude mask. Subsequently, a follow-up overlay exposure
共tov兲, using a phase-only mask and the same stepper tool,
induced the desired spatial intensity profile variation.11 The
value of the second exposure was lower than the threshold
dose of the measured resist response curve 共tov ⬍ tth兲. The
resist was then developed to obtain gratings with spatially
varying duty cycles. The fill fraction at any location within
the grating structure was dependent on the local dose delivered from the combined exposure steps. Using the second exposure step to target a window around the optimal
exposure dose-to-size for the grating, we were able to preserve the fidelity of the developed photoresist profile while
spatially varying the local feature width.
Figure 2 shows the grating profile obtained from the
two-step exposure method discussed here, compared to the
profile obtained from a standard single grating exposure.
The total aerial image at the wafer plane is the sum of the
intensity profile of the grating mask 关Fig. 2共a兲兴 and the
analog intensity profile of the phase mask 关Fig. 2共b兲兴. The
combination of the two separates the grating structure in a
region with a “nominal” analog bias to the left and a region
with a “high” analog bias to the right of the image shown.
In the high-intensity region, the grating grooves developed
wider than the ones at the nominal exposure region. The
standard grating line-space ratio was modulated with proportion to the local cumulative dose variation. By keeping
the maximum value of the overlay exposure dose 共tov兲
J. Micro/Nanolith. MEMS MOEMS
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Fig. 2 共a兲 The grating aerial image intensity profile due to the first
exposure using the grating amplitude mask is shown. 共b兲 The overlaid analog aerial image intensity profile, from the second exposure
and 共c兲 the combination of exposures 共a兲 and 共b兲, results in separating the grating structure in a region with a “nominal” analog bias to
the left, and a region with a “high” analog bias to the right of the
graphic shown. In the “high” intensity region, the grating grooves
develop thinner than the ones at the nominal exposure region. For
clarity 10 m of the spatial extent is shown in all images.

smaller than the threshold value 共Fig. 1兲, we achieved linewidth modulation without loss in height of the grating
structure.
Figure 3 further elaborates on the method used to vary
the grating fill fraction. The technique that is discussed here
does not significantly modify the shape of the line profile.
The linear regime and the range over which the exposed
line width can be varied is extended without “pinching” the
resist structure to an apex. The local linewidth of the patterned features is a function to the amount of the local dose
received from the spatially varying intensity profile of the
overlay exposure. This is achieved due to the analog profile
of the second exposure dose, which has no line-space features as the grating exposure did initially. At the upper
limit, when the second exposure dose is beyond the threshold of the photoresist, the adjacent features overlap, resulting in development of the entire patterned area. Decoupling
the grating latent image formation and the line-width
modulation steps allows arbitrary fill fraction variation to
be achieved. In contrast, for a grating formed with a single
exposure, change in exposure dose causes the spatial dose
distribution pattern to be modified, resulting in a limited
change in line width. If the grating is severely overexposed,
in order to force the line width to shrink considerably, the
sidewalls will form at an angle smaller than the normal and
the grating line will eventually “pinch,” forming triangular
cross sections.
In order to design structures with a spatial duty-cycle
modulation, an accurate model is necessary to predict the
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Fig. 3 By using the threshold region to control the combined exposure 共tgrating + tov兲, the line width can be varied over a large range 共red
lines兲. In the case that the overlay exposure is greater than estimated threshold 共tov ⬎ tth兲, the patterns are washed out after development because the entire exposure profile is shifted to values
above the exposure threshold 共blue line兲.
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3 Methods
The variation of grating feature sizes as functions of the
exposure dose was studied using a photolithographic
process-simulation model. Initially, the exposed aerial image of the stepper was modeled numerically and then the
effects of the developer dissolution were calculated. Experimental data were used to extract the matching values
for the process parameters. These values were used in the
numerical model to accurately predict the variation of the
grating fill fraction dependent on the exposure dose profile.

3.1 Exposure Model
A mercury arc lamp is used in the stepper and adjusted to
provide a Koehler illumination. The spatial frequencies
generated by the mask transmittance function at the pupil
plane were calculated numerically using a fast Fourier
transform computation. Neglecting the partial coherence of
the source, this can be represented as12
G共f,g兲 = H共f,g兲FT关g0共x,y兲兴

共1兲

gi共x,y兲 = FT−1关G共f,g兲兴.

共2兲

In Eqs. 共1兲 and 共2兲, H共f , g兲 represents the transfer function
J. Micro/Nanolith. MEMS MOEMS
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Fig. 4 共a兲 Feature size variation as a function of exposure dose:
experimental and predicted values for process parameter ␥ = 0.6
and 共b兲 predicted dose variation as a function of the grating period,
based on the same simulation model.

of the stepper, and G共f , g兲 is the Fourier spectrum of the
object amplitude g0共x , y兲 at the pupil plane.
The partial coherence was accounted for by multiplying
the object amplitude function with the plane-wave component of the spatial-frequency source point. The angular extent of the source is represented by the partial coherence
factor. For the GCA 6300 stepper used in this work, it was
taken to be 0.6.13 The image intensity in the resist was
computed by incorporating the depth, as a defocus effect,
and the standing wave pattern within the photoresist layer.14
The photoactive compound concentration 共PAC兲 was calculated from the Dill parameters.15 The effect of the second
exposure is computed by updating the PAC concentration
from the result of the initial exposure value. The photoresist
development rate function was computed from the PAC
using the four-parameter Mack model,16 and the final photoresist profile was obtained.
The method outlined above leads to deviations from the
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Fig. 5 共a, b兲 Comparison of numerical and experimental results for the duty-cycle variation obtained with a 1-D grating exposure overlaid with
an analog intensity function, 共c, d兲 SEM images of the variable fill fraction gratings; and 共e, f兲 magnified images of the transition from the phase
mask controlled analog intensity region to the open aperture in the low and high fill-fraction regions.

actual line widths obtained by experiment.17 One of the
reasons for such deviations is that a real photoresist absorbs
the incident radiation, resulting in a decreased image contrast and normalized image log slope.18 We were able to
obtain an accurate prediction of the line-width variation
J. Micro/Nanolith. MEMS MOEMS

with the dose by applying adjusted values for the optimal
process parameters extracted from experimental data.
The exposure effect in a high-contrast photoresist can be
expressed as18
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(a)

(b)
Fig. 6 The effect of an analog exposure ramp profile overlaid on a 2-D grating. 共a兲 As the overlay dose increases, the adjacent holes overlap
and the structure transitions from a hole array to a post array. 共b兲 Magnified SEM images of the photoresist, taken at a 30 deg tilt, showing the
sidewall and cleared photoresist at different spatial coordinates in the patterns shown in 共a兲. The profile of the structures is slightly conical, with
a larger opening on the air side. This is attributed to resist loss during development.

Ex = EN

冉冊
1
Ix

␥

,

共3兲

where EN is the energy required for the photoresist to be
cleared for exposure through a mask less open aperture, Ex
is the optimum energy of exposure for a given dose to size,
Ix is the normalized image intensity for a given pattern, and
␥ is a process parameter that relates the change in development rate function for unit change in exposure energy. For
a high-contrast photoresist, ␥ assumes a value very close to
unity. The change in feature size for a change in exposure
energy can be used to calculate ␥ experimentally. Using
this, we can obtain the experimental value of ␥ for the
photoresist process from the duty cycle to dose curve. In
order to convert the simulated aerial image intensity pattern
to the resist threshold energy, we used a modified equation,
J. Micro/Nanolith. MEMS MOEMS

Ew = Ex

冉 冊
I共w/2兲
I共0兲

␥

,

共4兲

where I共w / 2兲 is the threshold intensity required for resist
exposure using the given pattern obtained from the resist
model, and I共0兲 is the intensity at the center of the feature
obtained from the simulated aerial image intensity. These
values are used to predict the required exposure 共Ew兲 for
the desired feature width 共w兲.
3.2 Fabrication
Silicon substrates were coated with a 1-m-thick layer of
Shipley 1813 photoresist. One-dimensional 共1D兲 and twodimensional 共2D兲 gratings of 2-m periods were partially
exposed in the photoresist, using an amplitude grating
chrome mask, by delivering a dose between 75 and 90% of
the saturation dose estimated for the pattern, through a
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Fig. 7 Quantitative results from the exposures of the 2-D grating of Fig. 6. The duty-cycle variation range was adjusted by varying the analog
exposure dose 共tov兲. The resulting fill fraction of the grating varied from 共a兲 0.53–0.7 and from 共b兲 0.6–0.8 in the SEM images.

GCA g-line 共436-nm兲 stepper. This dose was designed to be
lower than the dose-to-clear value 共tclear兲, by an amount of
energy smaller than the absolute value of the dose to
threshold 共tclear − tgrating ⬍ 兩tth兩 = 0.3 s兲 shown in Fig. 1. Following this, an analog intensity profile generated using a
phase-only mask function was overlaid. Details of the mask
used to generate the analog intensity profile are found
elsewhere.11 The second exposure dose was chosen to satisfy two important criteria. First, the highest intensity in the
overlaid exposure profile was maintained less than the
threshold exposure of photoresist 共tov ⬍ 兩tth兩 = 0.3 s兲. This
was to ensure that the photoresist left unexposed by the first
exposure was not removed upon development, to preserve
the fidelity of the formed grating without variation in line
height across the device. In addition, enough energy was
delivered so that the photoresist in the grating grooves
formed by the initial partial exposure was saturated at the
point of the minimum exposure intensity required to satisfy
the dose-to-size value. The range of duty-cycle modulation
J. Micro/Nanolith. MEMS MOEMS

was controlled by: 共i兲 the exposure dose of the grating, 共ii兲
the differential intensity of the designed phase grating
transmission,11 and 共iii兲 by the exposure dose delivered during the overlay exposure.
In order to quantitatively compare the modulation effect
on the duty cycle to the overlay exposure dose, the experiment was repeated using the grating mask and a clear field
mask to deliver the same values of tgrating and tov. The second exposure dose 共tov兲 was kept below the threshold value
of the photoresist, as in the case of the phase mask trial.
The modulation of the duty cycle with the cumulative exposure dose was measured using a scanning electron microscope 共SEM兲. The measured values were compared to the
results of the lithographic model.
4 Results and Discussion
The correlation between experimental and predicted exposure dose required to form a desired feature width is shown
in Fig. 4. The curves were generated using a 50% duty-
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cycle mask. When ␥ = 0.6, as estimated from the experimental data, the predicted values of the exposure dose-tosize correlate within 3% of the measured values. The range
of modulation in the duty cycle with exposure dose is
smaller as the grating period increases. At the long period
limit, large variations in exposure dose are required to significantly change the duty cycle. The variation in feature
size with exposure dose is however independent of the grating period because the feature-size modulation is dependent
on the partial coherence factor, the numerical aperture of
the imaging system, and the process parameters of the photoresist. Essentially, the described technique allows the
photoresist response to the absorbed radiation and subsequent development to change from a depth variation to a
width variation of the exposed features. By operating in a
process window around the dose to clear and using an analog spatial intensity distribution, we were able to achieve
uniform variation in grating duty cycle.
For the case of subwavelength grating structures, the
dependence of the slope of the feature-width variation with
exposure dose to the grating period allows one to change
the range and position of the duty-cycle variation for a
constant spatial intensity profile. This corresponds directly
to a change in refractive index and the phase depth obtained
across the fabricated optical element. The same intensity
profile can also be overlaid on 1-D gratings of different
orientation to form polarization-sensitive apodized gratings.
A comparison of the simulated and experimental results
for a one-dimensional grating overlaid with an analog exposure is shown in Fig. 5. The measured spatial modulation
of the duty cycle is in close agreement with our model, with
a linear dependence across the element, in accordance with
the functional form of the analog intensity overlay. SEM
images of the variable fill fraction gratings in the low and
high fill-factor areas are shown in Figs. 5共c兲–5共f兲. The
abrupt change in fill fraction of the gratings along the
grooves is due to the transition in the phase-only mask from
an area of analog intensity, to an open aperture that passes
all of the incident radiation.
Spatially varying structures were also formed using 2-D
gratings exposed in the photoresist, followed by the analog
intensity exposure. Experimentally, a phase mask with analog intensity profiles that formed index prisms was used.
Uniform, analog variation of duty cycles was obtained.
SEM images of refractive prisms formed using spatially
variant grating structures is shown in Fig. 6. As the fill
fraction of the 2-D grating holes increases across the element, adjacent holes merge, and the structure transitions
into a “post” array. As observed with the linear grating, the
photoresist height of the 2-D grating does not change
across the device. As the dose increases from the bottom to
the top in Fig. 6, the adjacent holes overlap and the structure transitions from an array of holes to an array of posts.
Magnified micrographs of the photoresist taken at a 30 deg
tilt show the sidewall profile and cleared photoresist height
at different locations in the device. The profile of the structures is slightly conical, with a larger opening on the air
side. This is attributed to resist loss during development.
By varying the level of the grating exposure 共tgrating兲 and
the analog profile function 共tov兲, we were able to change the
range of duty-cycle variation. The effect of analog exposure
time was studied by holding the initial grating exposure
J. Micro/Nanolith. MEMS MOEMS

dose at 85% of the saturation dose value and by delivering
different doses of the prism intensity. For the same analog
intensity profile, we were able to position and control the
duty-cycle variation range as shown in Fig. 7. The duty
cycle was varied between 0.5 and 0.7, and from 0.6 to 0.8,
for different overlay exposures. This corresponds to an ability to engineer the effective refractive index range of the
fabricated subwavelength optical functions. The grating exposure dose delivered can be used to control the central
placement of the duty-cycle modulation. Because the dutycycle variation with exposure dose has different linear and
nonlinear regimes, this effect can be used to realize complex optical functions.
5 Conclusions
We have demonstrated a simple, low-cost, high-fidelity process for the fabrication of complex optical structures. We
have presented a method for the simulation of feature size
variations with exposure dose, using an empirical modeling
method. The effects of the various process parameters were
used to refine the numerical model, and the predicted results closely matched our experiment. The ability to fabricate large-dimension subwavelength variable-modulation
gratings has been demonstrated, leading to their use in
practical applications. The fabrication methodology developed in this paper allows control over the placement, range,
and limits of duty-cycle variation in 1-D and 2-D grating
structures, enabling more challenging designs to be realized
easily and cost effectively. Combining this method with
various approaches to generate analog intensity overlay
profiles enables the design and implementation of artificialindex optical function devices.
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